MicroRNA (miR)-155 has been implicated in regulating inflammatory responses and tumorigenesis, but its precise role in linking inflammation and cancer has remained elusive. Here, we identify a connection between miR-155 and Notch signaling in this context. Loss of Notch signaling in the bone marrow (BM) niche alters hematopoietic homeostasis and leads to lethal myeloproliferative-like disease. Mechanistically, Notch signaling represses miR-155 expression by promoting binding of RBPJ to the miR-155 promoter. Loss of Notch/RBPJ-signaling upregulates miR-155 in BM endothelial cells, leading to miR-155-mediated targeting of the NF-κB inhibitor κB-Ras1, NF-κB activation and increased proinflammatory cytokine production.
Introduction
Notch signaling plays an essential role in regulating normal and abnormal hematopoietic stem and progenitor cell development and functions. While Notch's cell-autonomous role in this process is well established, its non-cell autonomous role remains poorly understood. Specifically, the cellular and molecular mechanism(s) by which Notch loss-of-function regulates the integrity of the BM niche is poorly defined. Here, we used a conditional knockout model of RBPJ, a non-redundant downstream effector of the canonical Notch signaling cascade, to determine the contribution of Notch signaling to the non-cell autonomous regulation of hematopoiesis.
Notch genes encode large, highly conserved type 1 transmembrane receptors, which are activated through cell-cell contact by binding to one of their ligands on neighboring cells (Artavanis-Tsakonas et al., 1999) . Notch binding and activation is regulated at multiple steps by molecules that control endocytosis, O-fucosylation and proteolytic cleavage, leading to the release of the Notch intracellular domain (NICD) and its translocation to the nucleus (De Strooper et al., 1999) . Following ligand activation, Notch signalling can be distinguished into canonical and non-canonical pathways on the basis of whether NICD interacts with a CSL transcription factor (CBF1/RBP-J, Su(H), Lag-1) ( Kopan and Ilagan, 2009) . In mice, the CSL factor is known as RBPJk (recombination signal binding protein for immunoglobulin kappa J region) and functions as a transcriptional repressor. Canonical Notch signalling involves NICD binding to RBPJ and converting it from a repressor to an activator, resulting in the transcription of Notch-dependent genes which can influence the developmental and differentiation programs (Davis and Turner, 2001 ). Evidences of NICD binding to RBPJ maintaining a repressor status have been recently reported and involve dislocation and recruitment of co-activators and co-repressors, respectively (Sakano et al., 2010; Tiberi et al., 2012) .
Although the precise mechanism(s) involved in the regulation of hematopoiesis via the noncell-autonomous Notch signaling cascade remain unclear, recent studies have begun to shed some insight into this process (Kim et al., 2008; Yao et al., 2011; Yoda et al., 2011 , Klinakis et al, 2011 . While informative, the genetic models used in these studies involved deletion of genes that affect global Notch signaling, both CSL-dependent and CSL-independent Notch signaling, and regulate other molecules/effectors in addition to Notch (Pruessmeyer and Ludwig, 2009; De Strooper, 2005) , thus, preventing a clear understanding of the specific downstream mechanisms.
In this study, we show that RBPJ functions as a transcriptional repressor on the promoter of the microRNA miR-155. miR-155 is encoded from the B cell integration cluster locus and is upregulated in cancer and in inflammation (Tili et al., 2013) . Loss of canonical Notch signaling induces direct upregulation of miR-155 expression on BM stromal and endothelial cells and causes significant alterations of hematopoiesis. Constitutive miR-155 up-regulation due to loss of RBPJ transcriptional repression induces NF-κB activation and a global state of inflammation in the BM niche, leading to an uncontrolled expansion of myeloid cells and to the development of a myeloproliferative-like disease. Our results demonstrate a connection between Notch signaling, miR-155 and NF-κB and suggest a critical role for this pathway in maintaining hematopoietic homeostasis and linking inflammation and cancer.
Results

RBPJ deletion in the BM microenvironment disrupts hematopoietic homeostasis and induces a non-cell autonomous myeloproliferative-like disease
Inhibition of RBPJ transcriptional activity by deletion of its DNA binding motif results in the complete loss of signaling via all Notch receptors (Han et al., 2002) . This RBPJ knockout model has been successfully used to unveil the role of Notch in the lymphoid compartment; however, the effects of RBPJ deletion on myeloid cells were not investigated. RBPJ was conditionally deleted in the hematopoietic system by injecting mice with pIpC, which induces MX1-Cre expression in hematopoietic (CD45 + ) as well as in stromal cells (CD45 -) of the BM ( Figure S1A -B) . Analysis of stem and progenitor pools within the BM, spleen and peripheral blood (PB) of mice lacking RBPJ revealed a significant increase in the frequency and absolute number of phenotypically defined primitive lineage negative Kit + Sca-1 + (LSK) cells, including long-term HSCs (LT-HSC), of common myeloid progenitors (CMP) and of granulocyte-macrophage progenitors (GMP; Figure 1A , D and S1C-F) . These increases were reflected as expansion of immature myeloid (Gr1 -Mac1 + cells) and neutrophils in the BM, spleen and PB of RBPJ -/-mice relative to controls ( Figure 1G -H, left panels and Fig.7G ). The number of megakaryocyteerythroid progenitors (MEP), red blood cells (RBC), hemoglobin (Hb), hematocrit (HCT) and platelets (PLT) were reduced in mice lacking RBPJ ( Figure S1G , Q). RBPJ -/-mice developed significant splenomegaly ( Figure  1C ) and histologic analysis confirmed myeloid expansion in the BM and spleen, and myeloid cell infiltrates in liver and other parenchymal organs. Overall, BM cellularity was significantly increased ( Figure S1H ). Leukocyte counts and differentials showed a progressive increase of myeloid cells in the PB of RBPJ -/-mice compared to controls: from 2 fold increase at week 4, to 7 fold at week 20 after pIpC ( Figure 1H and S1N-O). As reported in a previous study (Han et al., 2002) , loss of Notch signaling in the lymphoid compartment was characterized by reduction of T-cells and relative expansion of B-cells ( Figure S1P , left graph). Interestingly, B-cells were increased in the PB, but not in the BM and spleen of RBPJ-/-mice (data not shown). RBPJ -/-mice failed to live past 27 weeks and died of a myeloproliferative disease (Fig. 1I) . In contrast, mice haplo-insufficient for RBPJ +/-did not develop disease, showing comparable survival to control animals up to 40 weeks of follow-up.
To assess the relative contribution of cell-autonomous and non-cell-autonomous mechanisms, we performed reciprocal transplantation studies. BM cells from RBPJ +/+ and RBPJ -/-expressing the CD45.2 allele were transplanted into wild-type (WT) mice expressing the CD45.1 allele. Similarly to the RBPJ -/-mice, the LSK pool was significantly increased in WT mice reconstituted with RBPJ -/-donor cells compared to controls ( Figure  1B , left side). However, there was no difference in the representation of GMP, CMP and MEP subsets in RBPJ -/-and RBPJ +/+ donor populations ( Figure 1E and S1I). Mice reconstituted with RBPJ -/-donor cells did not show myeloid cell expansion and exhibited normal levels of Gr1 + Mac1 + neutrophils in the BM, center panels) . These mice did not display alterations in RBC, Hb, HCT or PLT ( Figure S1Q ), nor did they develop splenomegaly, and their survival was similar to the control cohort ( Figure  1I ). As previously reported, mice reconstituted with RBPJ -/-donor cells presented an overall decrease in T-cells accompanied by a relative increase in B-cells (data not shown). The leukocyte differential count in the recipients of RBPJ -/-donor cells did not show neutrophilia or lymphocytosis ( Figure S1N ), indicating that the effects observed in RBPJ -/-mice were not solely mediated by a cell-autonomous mechanism.
To examine the contribution of the microenvironment to the myeloproliferative-like disease, we transplanted WT BM cells into RBPJ -/-or RBPJ +/+ recipients. Comparative analysis of hematopoietic subsets in the BM and spleen of RBPJ -/-recipients revealed that the loss of RBPJ in the BM microenvironment had a lower impact on the LSK pool in RBPJ -/-recipients (Figures 1B, right side and S1J) than in parental RBPJ -/-mice or WT mice transplanted with RBPJ -/-cells, demonstrating a cell-autonomous contribution of RBPJ on HSC homeostasis. However, similar to the RBPJ -/-parental animals, RBPJ -/-recipient mice transplanted with WT cells showed a significant increase in the frequencies and absolute numbers of CMP and GMP, in both BM and spleen ( Figure 1F and S1L). These changes were associated with a marked decrease of MEP, RBC, Hb, and HCT ( Figure S1K , Q), and a significant increase in circulating LSK cells ( Figure S1J ). RBPJ -/-recipients showed a rapid and progressive increase in neutrophils and Gr1 + /Mac1 + cells in the PB, spleen and BM ( Figure 1G -H, right panel) as well as increased BM cellularity ( Figure S1M ). RBPJ -/-recipients developed marked splenomegaly ( Figure 1C, 7D ), hypercellular BM with myeloid cell expansion and myeloid infiltrates in the parenchymal organs (data not shown). A complete leukocyte count and differential in the PB of RBPJ -/-recipients indicated a significant increase of myeloid cells (3 fold) compared to RBPJ +/+ recipients, whereas lymphoid cells showed a kinetic of engraftment similar to the controls, and a relative decrease in frequency in favor of myeloid cells ( Figure 1SN-P) . Thus, the loss of RBPJ in the microenvironment resulted in a lethal myeloproliferative-like disease, which evolved rapidly following BM transplant, as indicated by the shorter survival of RBPJ -/-recipients compared to RBPJ -/-mice (100% of the mice were dead by week 10; Figure 1I ).
These data demonstrate that loss of Notch/RBPJ canonical pathway is not sufficient to induce a cell-autonomous myeloid disease. Furthermore, they clearly show that loss of RBPJ in the microenvironment is necessary and sufficient to induce a lethal myeloproliferativelike disease in a non-cell autonomous manner.
RBPJ deficiency in the BM niche favors myeloid cell expansion and mobilization by upregulating expression of G-CSF
Given that Mx1-Cre is expressed in the stromal cells of multiple organs (Schneider et al., 2003) , we questioned whether the BM microenvironment was a critical site for disease initiation of RBPJ -/-mice. RBPJ -/-and RBPJ +/+ littermates were transplanted with equal number of BM cells harvested from Lys-EGFP reporter mice (wild-type RBPJ), in which EGFP expression is driven by the lysozyme promoter (Faust et al., 2000) . As lysozyme expression is specific to myeloid cells (Miyamoto et al., 2002) , this strategy provided optimal visualization of the myeloid compartment by intravital fluorescent microscopy (IVFM). The BM niche was imaged at 24 hours and at weeks 2, 4 and 6 after transplantation ( Figure 2A ). Homing at 24 hours was similar in both conditions; however, by week 2, Lys-EGFP cells transplanted in RBPJ -/-recipients had underwent a more rapid and robust expansion then Lys-EGFP cells transplanted in RBPJ +/+ mice (Figure 2A-B) . At weeks 4 and 6 after transplantation, the content of Lys-EGFP cells in the BM of RBPJ -/-recipients remained higher but not substantially different from RBPJ +/+ recipients, as Lys-EGFP cells had also expanded in the RBPJ +/+ recipients ( Figure 2B ). However, in RBPJ -/-recipients the Lys-EGFP cell expansion in the BM was associated with a greater output of neutrophils and Gr1 + /Mac1 + cells in the PB and progressive enlargement of the spleen ( Figure 2D -E). Significant increase in the proportion of myeloid cells in the BM of RBPJ -/-recipients was observed again at advanced stages of disease ( Figure 1G ).
Lys-EGFP is increasingly expressed from CMP to GMP to mature neutrophils, allowing measurement of the kinetics of differentiation by fluorescent intensity. As expected, Lys-EGFP expression was low in LSK cells in both groups, while analysis of CMP and GMP revealed a higher number of high Lys-EGFP expressing cells in RBPJ -/-recipients than in RBPJ +/+ recipients, suggesting a more rapid rate of myeloid cell differentiation ( Figure 2C ). These data indicate that the RBPJ -/-BM microenvironment is a primary site of myeloid cell expansion, which is accompanied by rapid differentiation and mobilization of myeloid cells in the PB and spleen.
Analysis of serum cytokines by cytokine arrays revealed a significant increase in the levels of several inflammatory cytokines in RBPJ -/-mice ( Figure S2A ), in particular G-CSF, a driver of myeloid cell proliferation and differentiation. Increased G-CSF levels were confirmed in the BM milieu and in the serum of RBPJ -/-mice by ELISA ( Figure 3A -B) . Heterozygous RBPJ +/-mice, which did not develop disease, displayed G-CSF levels just above the baseline of normal mice. To determine the contribution of G-CSF to the myeloproliferative-like disease, we treated RBPJ -/-mice with anti-G-CSF neutralizing antibodies. Anti-G-CSF treatment resulted in the normalization of Gr1 + /Mac1 + cells in the PB ( Figure 3C ), in a significant reduction in the spleen size ( Figure 3D ), a notable decrease in the proportion of CMPs and a significant reduction in level of GMPs ( Figure 3E ). These data suggest that G-CSF is a major but not the sole contributor to the myeloproliferative-like disease occurring in RBPJ -/-mice. TNFα levels were also consistently elevated in the absence of RBPJ ( Figure S2A -C), suggesting that TNFα, a cytokine involved in myeloid progenitor homeostasis (Walkley et al., 2007) , may play a synergistic role with G-CSF in promoting myeloid cell expansion.
Analysis of cytokines in the supernatant of RBPJ -/-BM-derived stromal cells, validated for loss of , demonstrated a pro-inflammatory profile similar to the one observed in the serum ( Figure S2B ). These experiments confirmed a significant increase in the levels of G-CSF and TNFα in RBPJ -/-stromal cells ( Figure 3H ). Accordingly, RBPJ -/-BM-derived stromal cells showed a greater ability to support myeloid cell expansion and differentiation of BM Lin -progenitors in co-culture experiments ( Figure 3I ). These results demonstrate that RBPJ deletion in the BM stromal cells induces proinflammatory cytokines, generating a BM niche exceedingly favorable to myeloid progenitor cell expansion.
Contribution of RBPJ -/-BM endothelial cells to the myeloproliferative-like disease
Next, we sought to determine which specific stromal cell type(s) in the BM were responsible for the increased cytokine production in RBPJ deficient mice. Co-culture experiments of Lin -progenitor cells with RBPJ -/-derived osteoblasts (OB) or characterization of hematopoiesis in mice with RBPJ deletion in osteocytes did not show impact on the myeloid compartment, ruling out a major role of mature bone cells in the myeloid expansion ( Figure  S3A-E Figure 4A -C) . Given the significantly higher expression of G-CSF and TNFα in BM ECs of RBPJ -/-mice and the known role these cells play in producing pro-inflammatory cytokines, we sought to further investigate the role of the BM endothelial niche. To this end, we crossed RBPJ -/-mice with the tamoxifen-inducible Tie2Cre ER mice. In these mice, the Cre recombinase is expressed under the control of the Tie2 promoter in which specific regulatory elements were modified to restrict the expression of Cre to ECs, with negligible expression in the hematopoietic system (Forde et al., 2002) . Tamoxifen-induced Tie2CreER + /RBPJ lox/lox and Tie2CreER -/RBPJ lox/lox mice (referred as Tie2RBPJ -/-and Tie2RBPJ +/+ mice) were analyzed at 6 months post-induction. In these mice, the average reduction of RBPJ on sorted BM EC was approximately 30%. Despite the incomplete deletion of EC RBPJ, analysis of the hematopoietic compartment of Tie2RBPJ -/-mice demonstrated a significant increase in neutrophils and Gr1 + /Mac1 + cells in the PB ( Figure  4D -E), increased Gr1 + /Mac1 + , CMP and GMPs cells in the spleen ( Figure 4F -G) and splenomegaly ( Figure 4H ) compared to Tie2RBPJ +/+ mice. These changes were associated with increased levels of G-CSF and TNFα in Tie2RBPJ -/-mice serum ( Figure 4I ). All parameters of myeloid cell expansion were similarly increased in Tie2RBPJ -/-mice as those observed in Mx1RBPJ -/-mice (i.e. CMP and GMP; Figure 4G ); however these changes occurred less rapidly in the Tie2RBPJ -/-background. Thus, deletion of RBPJ in ECs is sufficient to induce myeloid cell expansion. However, the contribution of other stromal cell types, including MSCs, may be important for the development of a full blown and rapid myeloproliferative-like disease.
Loss of RBPJ transcriptional repression induces up-regulation of miR-155
The coordinated upregulation of multiple inflammatory cytokines upon deletion of RBPJ suggests the involvement of master regulators triggering a proinflammatory circuitry. Likely candidates for such function are microRNAs. Analysis of the expression of several microRNAs implicated in inflammation showed a significant increase in the expression of miR-155 in RBPJ -/-BM stromal cells ( Figure 5A ). No significant changes in the expression of miR-196b, miR-210, miR-125a and miR-146a were noted under similar conditions ( Figure  S4A ). Increased expression of miR-155 in RBPJ -/-stroma was further validated using BM sorted populations enriched in MSCs and ECs, as well as in ECs derived from Tie2RBPJ -/-mice ( Figure 5B ). miR-155 expression was also up-regulated in Lin -RBPJ -/-hematopoietic cells, but not in bulk CD45 + cells ( Figure S4B and S5D) . To determine the molecular link between RBPJ and miR-155 in vitro, murine microvascular endothelial cells (here indicated as EC) and BM stromal cell lines Raw264.7 (Raw) and OP9, were transfected with shRNAs directed towards RBPJ (shRBPJ) ( Figure S4C ). Expression of the shRBPJ upregulated miR-155 expression in ECs, Raw cells and in OP9 cell lines ( Figures 5C-F, S4D-E) . The upregulated miR-155 was functional, as shown by the target luciferase assay ( Figure S4F ). As RBPJ is a transcriptional repressor, we hypothesized that RBPJ associates with the miR-155 promoter and suppresses its transcription. In silico analysis of the BIC/miR-155 promoter revealed the presence of two putative RBPJ binding sites (Jarriault et al., 1995) at -1792 and at -1703 nt upstream of the start site ( Figure 5G ). Chromatin immunoprecipitation analysis (ChIP) of the promoter using primers (Table S1 ) for these two regions confirmed binding of endogenous RBPJ to the endogenous miR-155 promoter in cells derived from RBPJ +/+ mice but not RBPJ -/-mice ( Figure 5H, left panel) . Similarly, binding of RBPJ to miR-155 promoter was observed in EC and Raw cells and was abrogated following the expression of shRBPJ ( Figure 5H , middle and right panels). Notch was also found in the complex when RBPJ was present ( Figure S4G ). To further confirm the repressor activity of RBPJ on the miR-155 promoter, we cloned the 2kb pre-miR-155 promoter region containing the two RBPJ binding sites into a luciferase reporter construct. Consistent with a repressor function of RBPJ, miR-155 transcriptional activation was increased 2 to 3 fold following RBPJ repression ( Figure 5I ). miR-155 expression was also increased following treatment of Raw cells with the γ-secretase inhibitor (GSI; Figure 5I ), which inhibits the generation of NICD and ultimately prevents the formation of the NICD/RBPJ complex on the promoter. Conversely, overexpression of NICD decreased miR-155 expression in Raw cells and in Tcells ( Figure S4H-I ). As RBPJ has been shown to associate with the histone deacetylase complex (HDAC) (Kao et al., 1998) , and HDAC2 binding is observed at the miR-155 promoter in wild-type Raw cells ( Figure S4J ), we investigated whether RBPJ regulated miR-155 repression through HDAC function. Treatment with a pan HDAC inhibitor led to a 3 fold increase in the expression of miR-155, similar to the effect induced by deletion of RBPJ ( Figure 5I ).
miR-155 induces G-CSF and TNFα expression via NF-κB activation
Given the strong correlation between miR-155 upregulation and increased G-CSF and TNFα levels, we hypothesized that miR-155 regulates G-CSF and TNFα production by BM stromal cells. Transfection of shRBPJ in ECs and Raw cells resulted in increased G-CSF and TNFα expression and protein levels ( Figure 6A -B and S5A) and enhanced their ability to promote myeloid cell expansion in co-culture ( Figure 6C) . Similarly, overexpression of miR-155 in Raw cells resulted in rapid up-regulation of G-CSF and TNFα ( Figure 6D ). Consistently, treatment of RBPJ knocked down cells with an anti-miR-155 LNA inhibited shRBPJ-mediated induction of G-CSF and TNFα ( Figure 6E and S5B) . Thus, loss of RBPJ augments G-CSF and TNFα levels by directly up-regulating the expression of miR-155. To identify the molecular link between miR-155 and inflammatory cytokines, we used the microRNA target predictions program https://cm.jefferson.edu/rna22v1.0-musmusculus/ (Miranda et al., 2006) and searched for putative miR-155 targets whose inhibition might result in the transcriptional activation of G-CSF and TNFα. Among the predicted targets, the NF-κB inhibitor κB-Ras1 (also known as Nkiras1) that inhibits IkB-β phosphorylation (Fenwick C, Science 2000) , was found to have miR-155 target sequences at its 3′UTR. Given that the inflammatory profile observed in RBPJ -/-stromal cells has a NF-κB signature ( Figure S2 ) and that the transcription of G-CSF and TNFα is regulated principally by NF-κB, we tested the hypothesis that miR-155 up-regulation increased NF-κB activation by decreasing its inhibition. κB-Ras1 protein levels were noticeably reduced in RPBJ -/-mice ( Figure S5C ) and κB-Ras1 expression was significantly decreased in RPBJ -/-BM stroma ( Figure 6F) . In Raw cells, κB-Ras1 expression was significantly reduced by repressing RBPJ or by overexpressing miR-155 ( Figure 6G ). Importantly, κB-Ras1 downregulation in these cells was antagonized by miR-155 LNA ( Figure 6H ). Next, we cloned the κB-Ras1 3′UTR into the pMIR-RL vector and confirmed that κB-Ras1 is a bona fide miR-155 target, as shown by decreased luciferase activity in response to miR-155 overexpression ( Figure 6I ). Targeting of κB-Ras1 by shRNA (shκB-Ras1) increased expression of G-CSF and TNFα in both Raw and EC cells ( Figure 6J-K) . κB-Ras1 inhibition correlated with increased transcriptional activation of NF-κB in Raw shRBPJ and Raw MSCV-miR155 expressing cells ( Figure 6L ) and inhibition of NF-κB by the NF-κB inhibitor DMAPT (dimethylaminoparthenolide) (Neelakantan et al., 2009 ), resulted in a significant decrease in the expression of G-CSF and TNFα ( Figure 6M ). Finally, analysis of miR-155, κB-Ras1, G-CSF and TNFα expression, showed that sorted BM EC and MSC from RBPJ -/-mice had the highest expression of miR-155, correlating with the lowest expression of κB-Ras1 and higher levels of G-CSF and TNFα, compared to purified osteoblasts and sorted CD45 + cells ( Figure S5D ).
Taken together, our results demonstrate that, following Notch/RBPJ loss of function, miR-155 up-regulates NF-κB activation by targeting one of its inhibitors, κB-Ras1, leading to increased expression of G-CSF and TNFα. Furthermore, these results suggest that this axis may be cell context-dependent and likely to be more active in BM EC and MSC.
miR-155 is required for the development of RBPJ-dependent myeloproliferative-like disease and is upregulated in the BM of MPN patients
To examine the impact of miR-155 deletion on RBPJ dependent MPN development, we generated Mx1RBPJ lox/lox /miR-155 -/-(DKO) and Mx1RBPJ lox/lox /miR-155 +/+ (KO) littermates. Consistent with our previous results, deletion of RBPJ induced a lethal myeloproliferative-like disease and KO mice died within 20 weeks of pIpC treatment. In contrast, all DKO mice remained viable at this same time point. Comparative analysis of the hematopoietic compartment in these mice showed that neutrophils increased dramatically in the PB of KO mice, while DKO mice exhibited normal levels of PB neutrophils ( Figure 7A ), lacked the development of splenomegaly ( Figure S6A ) and showed only a modest increase in CMP and GMPs in the BM compared to KO mice ( Figure 7B ). Importantly, G-CSF levels in the serum of DKO recipients were similar to those seen in healthy controls ( Figure S6B ).
To prove that miR-155 knock down in the stroma is critical for myeloid cell expansion, we transplanted WT BM cells into lethally irradiated DKO and KO mice. As anticipated, KO recipients developed disease, whereas deletion of miR-155 in the stroma of DKO recipients correlated with only a modest increase in Gr1 + /Mac1 + cells in the PB (Figure 7C ), prevented the development of splenomegaly and the increase of myeloid progenitors (CMP and GMP) in the BM (Figure 7D-E) . Histologic analysis of the DKO recipients showed absence of the myeloid expansion with normal myeloid/erythroid ratio in the BM and intact structure of the spleen ( Figure 7G) . A significant decrease of κB-Ras1 expression was observed in sorted KO BM EC and MSC compared to WT cells ( Figure S5D) . Conversely, the levels of κB-Ras1 were increased or restored to normal in sorted DKO BM EC and MSC compared to KO cells ( Figure 7F ). The normalization of κB-Ras1 expression in DKO cells correlated with the normalization of G-CSF and TNFα expression.
Taken together, these experiments show a key role for miR-155 in sustaining the inflammatory reaction driving the lethal myeloproliferative-like disease triggered by the loss of RBPJ. To determine the potential clinical relevance of our observations, we examined whether miR-155 was also altered in patients with myeloproliferative neoplasia (MPN) characterized by a high inflammatory component, such as myelofibrosis (MF). Analysis of 85 MF patients revealed a significant increase in the expression of miR-155 in total BM cells compared to normal control patients ( Figure 7H ), whereas an increase was not detected in mononuclear cells of the PB (data not shown). Collectively, this observation suggests that miR-155 may play a role in the human disease and may represent a potential therapeutic target for the control of myeloid cell expansion.
Discussion
Evidence supporting a non-cell-autonomous role for Notch signaling in the regulation of hematopoiesis has recently emerged; however, the cellular and molecular mechanism(s) by which Notch regulates the integrity of the BM niche are still poorly understood. By using a Notch/RBPJ loss-of-function model we demonstrated that RBPJ functions as a transcriptional repressor of the microRNA miR-155: a microRNA involved in inflammation and frequently up-regulated in leukemia cells and solid tumors. miR155 up-regulation due to loss of the Notch/RBPJ axis increased NF-κB activation by targeted inhibition of κB-Ras1 and induced a persistent pro-inflammatory state of the BM niche leading to a myeloproliferative-like disease.
Global (canonical and non-canonical) loss of Notch signaling, due to deletion of Mindbomb (Kim et al., 2008b) , ADAM10 (Yoda et al., 2011) or Pofut1 (Yao et al., 2011) has been correlated with the development of a myeloproliferative-like syndrome driven by both cellautonomous and non-cell autonomous mechanisms, whereas deletion of Nicastrin has been shown to lead instead to a cell-autonomous chronic myelo-monocytic leukemia (CMML)-like disease (Klinakis et al., 2011) . Discrepancies among these models may be due to the contribution of other targets regulated by ADAM10 (Pruessmeyer and Ludwig, 2009 ), Pofut1 and the Nicastrin γ-secretase complex (De Strooper, 2005) , which acting in combination with global Notch loss-of-function may account for the variable involvement of the microenvironment. However, the molecular mechanisms linking loss of Notch signaling with altered myelopoiesis were not defined in these models.
Our study clearly shows that loss of RBPJ, a non-redundant downstream effector of canonical Notch signaling, is necessary and sufficient to induce a lethal myeloproliferativelike disease driven by the microenvironment. RBPJ -/-stem and progenitor cells were not capable of inducing myeloid expansion or a myeloproliferative disease in a cell-autonomous manner. This effect was further confirmed by using the Lys-CreRBPJ lox/lox model, in which the RBPJ deletion occurs only in the myeloid progenitors starting at the CMP stage ( Figure  S3F-G) . Of note, our studies clearly uncouple the direct, cell autonomous role of Notch/ RBPJ signaling on HSC homeostasis from its non-cell autonomous impact on myeloid progenitors. Interestingly, lymphocytosis was observed only in the parental RBPJ -/-mice but not in the BM chimeras, suggesting that this process requires both cell autonomous and noncell autonomous mechanisms; further studies are warranted to understand the impact of RBPJ loss on this process.
Here, we unveil a previously unrecognized link between RBPJ-dependent Notch signaling and miR-155. RBPJ represses transcription by binding to specific sequence motifs in the promoter of target genes and by recruiting co-repressors such SMRT and SHARP (Oswald et al., 2005) and the HDAC complex (Kao et al., 1998) . Our study shows that RBPJ binds to the miR-155 promoter and that either deletion of RBPJ DNA binding domain or loss of fulllength RBPJ causes miR-155 up-regulation. Importantly, our data show that RBPJ-mediated repression of miR-155 is NICD-dependent, suggesting the possibility that Notch may also function as a transcriptional repressor. This is intriguing considering that it is well established that NICD converts RBPJ from a transcriptional repressor to a transcriptional activator (Kopan and Ilagan, 2009 ). However, precedents of Notch signaling as repressor have been reported and involved dislocation and recruitment of coactivators and corepressors, respectively (Sakano et al., 2010; Tiberi et al., 2012) . Alternatively, it is posible that the association of NICD to RBPJ, which can enhance its binding to a specific promoter (Krejci and Bray, 2007; Castel et al., 2013) , may result in RBPJ repressor function on the miR-155 promoter; however, whether the presence of NICD on the miR-155 promoter enhances RBPJ repressor activity directly or indirectly needs to be further investigated. Collectively, these data support the possibility that miR-155 expression may be physiologically regulated by tuning of the Notch signaling and may indicated a more general mechanism of miR-155 regulation through repression. This hypothesis is supported by a recent study reporting inhibition of miR-155 by transcriptional repression in breast cancer cells, where mutation in the tumor suppressor BRCA1 gene abolishes its repressive function on the miR-155 promoter, resulting in increased miR-155 expression in breast cancer cells and in tumor progression (Chang et al., 2011) .
miR-155 plays a broad role in inflammation and in the regulation of the immune-system and it is induced by a wide range of inflammatory factors including LPS/TLR responses. Although increased expression of miR-155 has been positively associated with increased cytokine production, in particular G-CSF and TNFα (Tili et al., 2009; Worm et al., 2009 ) the molecular mechanism(s) by which miR-155 enhances the expression of these cytokines were not investigated. Our results show that miR-155 increases NF-κB activation by targeting one of its negative regulators, κB-Ras1 (Fenwick et al., 2000) . κB-Ras1 (also known as Nkiras1) is a small protein with similarity to Ras-like small GTPases that functions as a negative modulator of NF-κB by binding to NF-κB/IkB complexes and preventing lκBβ and IκBα phosphorylation by IKK (Chen et al., 2004) . κB-Ras1 is ubiquitously expressed and its levels inversely correlate with poor prognosis in tumors. While prior studies have suggested an important role for NF-κB in regulating miR-155 expression , our findings reveal that miR-155 can reciprocally upregulate NF-κB activity and amply the inflammatory response by inducing NF-κB-dependent cytokines, in particular G-CSF and TNFα.
A previous report demonstrated a cell intrinsic role for miR-155 in driving myeloproliferative-like disease in a murine transduction/transplantation model . Our findings clearly demonstrate a non-cell autonomous mechanism by which miR-155 overexpression contributes to a myeloproliferative-like disease in RBPJ deficient mice. Interestingly, while RBPJ -/-progenitors exhibit miR-155 up-regulation, transplantation of these cells in WT recipients did not lead to a myeloid expansion. This discrepancy is likely due to the differential expression of miR-155 in the two murine models as well as to differences in the cell types producing this micro-RNA. As discussed by Tili and Croce (Tili et al., 2009) , the differential impact of miR-155 on its targets can depend significantly on the level of its expression. Thus, in contrast to models of forced expression, resulting in a ∼30 fold increase of miR-155 on hematopoietic cells compared to normal levels , the miR-155 levels reached in our model (3-5 fold increase) were likely not enough to drive a cell-autonomous MPN, but were sufficient to drive cytokine production in cells of the BM microenvironment specialized to generate an inflammatory response, such as endothelial cells. Our studies point to cell context differences and a higher ability of BM EC and MSC to activate the miR-155/NF-κB/G-CSF/TNFα pathway compared to hematopoietic cells and osteoblasts. Indeed, we show that RBPJ deletion in endothelial cells is sufficient to drive a myeloproliferative-like disease. A relevant role of ECs in this process is not surprising, given that stem cells and progenitors localize adjacent to sinusoids in the BM and that ECs are poised to regulate the hematopoietic response during inflammation through production of pro-inflammatory cytokines (Ding et al., 2012; Fernandez et al., 2008) Both G-CSF and TNFα are commonly upregulated upon TLR-mediated stimulation during emergency granulopoiesis and following infections (Hirai et al., 2006; Ueda et al., 2005) . Their increased expression is also a common feature of several animal models of myeloproliferative-like disease (Dumortier et al., 2010; Fulzele et al., 2013; Walkley et al., 2007; Yoda et al., 2011) and it is observed in patients with MPN (Tefferi et al., 2011) . Our discovery of the Notch/miR155/NF-κB/cytokines axis suggests the hypothesis that Notch signaling may contribute to hematopoietic homeostasis by regulating the level of the inflammatory state in the BM niche. In support of this idea, a recent report noted physiologic downregulation of Notch signaling in response to LPS (Kim et al., 2008a) ; furthermore epigenetic silencing of Notch in myeloid malignancies has been documented (Lobry et al., 2013) . Thus, while transitory inhibition of Notch signaling in the BM microenvironment may trigger a physiologic inflammatory circuit characterized by miR-155/NF-κB/cytokine induction driving myeloid cell expansion in response to BM stress (such as infection or acute inflammation), continuous inhibition of Notch signaling due to persistence of inflammatory feed-back loops or/and epigenetic mechanisms, may contribute to the development or progression of a myeloproliferative disorder. Consistent with our observations demonstrating an essential role for Notch/RBPJ in regulating miR-155 and driving a myeloproliferative-like disease in a murine model, we observed a significant overexpression of miR-155 in Myelofibrosis (MF) patients' BM samples (enriched in stromal cellular components), but not in the PB. Relevant to these findings is the notion that NF-κB plays an essential role in multiple myeloid malignancies and that a comprehensive cytokine profile on serum derived from MF patients demonstrated a cytokine profile very similar to that observed in our mouse model of RBPJ deficiency (Tefferi et al., 2011) . Collectively these findings provide a strong link between miR-155/NF-κB and MPN and the rationale to explore this molecular axis to target inflammation and disease progression in these diseases.
Experimental Procedures
Mice RBPJ lox/lox mice were obtained from T. Honjo; Tie2Cre ER mice were obtained from B. Arnold (European Mouse Mutant Archive; Monterotondo, Italy); miR-155 -/-and Lys-Cre mice were obtained from Jackson Laboratories; Lys-EGFP mice were obtained from Dr. T. Graf; DMP1Cre/RBPJ -/-mice were obtained from Dr. T.Bellido. Mx1-Cre recombinase was induced by pIpC 200μg i.p., 3 times at 2-day interval (wk1) plus one single dose (wk2). Efficiency of RBPJ excision was assessed by qRT-PCR (primers in Table S1 ); Tie2Cre ER expression was induced by tamoxifen 100mg/kg body for 4-5 weeks, twice/day by gavage. Animal experiments were performed using protocols approved by the IUSM Animal Care and Use Committee.
Cells and cell culture
Raw264.7 and OP9 cells were cultured in DMEM and α-MEM with 10%FBS at 37°C. Cells were transfected with pLKO.1-shRBPJ construct (Thermo) or pLKO.1 vector; or with psiLvU6-shκB-Ras1 or control vector (Genecopoeia) using Lipofectamine 2000 reagent (Life Technologies); or with the retroviral vectors MSCV-GFP, MSCV-ICN/GFP or MGP M155 (MSCV-miR-155, Addgene). BM stromal cells were generated from long bones (tibias, femurs) pre-incubated with 1% collagenase. Total BM cells were flushed and cultured in α-MEM with 20% FBS. Non-adherent cells were removed after 2 days of culture, and adherent cells were expanded for 1wk prior sorting to purify CD45 -BM stromal cells by CD45 microbeads (Miltenyi Biotec).
Mouse lung microvascular endothelial cells (Kuhlencordt et al., 2004) were provided by I. Petrache. Cells were grown in DMEM with 20% FBS. Osteoblasts were obtained by long bones as described (Chitteti et al, 2010) .
Co-cultures: Lin -cells were purified from femur's BM using the lineage-cell depletion kit (Miltenyi), plated at a density of 5×10 4 /ml on a confluent BM stromal cell layer, and cultured for 48 hrs in IMDM (Gibco, Invitrogen) containing 10% FBS, 50ng/mL SCF and 50ng/mL IL-3 (Miltenyi). Raw cells were treated with 1 μM GSI (EMD Calbiochem), 1 μM HDAC inhibitor (Vorinostat) or 5μM DMAPT for 24 or 48 hours. LNA treatment: cells were transfected with 75nM LNA scramble or anti-miR-155 (Exiqon Company) using lipofectamine 2000 (Invitrogen). Cells were collected for analysis at d2 and d4 posttransfection.
Patients Cells
Primary patients' BM aspirates were obtained from MPN patients with MF seen at the University of Texas MD Anderson Cancer Center, and normal BM cells samples were obtained from Stem Cell Technologies (Vancouver, Canada). BM cells were fractionated using Ficoll Hypaque 1077 (Sigma-Aldrich).
Flow cytometry and cell sorting
BM, spleen and PB cell suspensions were labeled with monoclonal antibodies (Abs) used to define distinct hematopoietic subsets (Table S2 ). Cells were acquired on a LSRII (BD) and events (0.5 to 5×10 6/ /staining) collected and analyzed using Flowjo. CD45 -CD31 + CD105 + and CD45 -CD31 -CD105 + cells were sorted in the Reflection3 cell sorter from total BM cells after staining with CD45-APC, CD31-FITC and CD105-PE .
Bone Marrow Transplantation
Total BM cells (5 × 10 6 ) from pIpC-induced Mx-Cre + RBPJ lox/lox or control Mx-Cre − littermates (CD45.2) were transplanted by tail vein injection into lethally irradiated B6-SJL (CD45.1) recipients. Total BM cells (3 × 10 6 ) from CD45.1 WT or Lys-EGFP mice were transplanted into irradiated, pIpC-induced Mx-Cre+ RBPJ lox/lox or control Mx-Cre − recipient mice.
Histology: Tissues were fixed in Z-fix buffer, paraffin-embedded, sectioned, and stained with hematoxylin-eosin.
G-CSF Ab in vivo
Mx1Cre + and Mx1Cre -RBPJ lox/lox 6 to 8wk-old mice were induced with pIpC and after 6 wks were treated with anti-G-CSF neutralizing Ab (R&D # AB-414-NA) 10 μg/d i.p. for 2 cycles of 12 days.
Cytokine array and ELISA
BM milieu was obtained by flashing 1 femur with 1ml of Milliplex reagent; serum was collected from PB; BM-stroma supernatants at 72hrs collection were used. Cytokine levels were measured using a mouse cytokine array (R&D) and Luminex MAP assays (MILLIPLEX MAP Mouse Cytokine/Chemokine, Millipore # MCYTOMAG-70K-09).
Quantitative RT-PCR and microRNA quantification
RNA was purified with the RNeasy Mini Kit (QIAGEN) and cDNA prepared using the Superscript II Kit (Invitrogen). qRT-PCR was performed using SYBR green II Brilliant (Stratagene); Primers are shown in Table S1 .
Total RNA from BM sorted cells, BM-derived stroma and Raw cells were extracted with RNAqueous Micro Kit (Ambion). MicroRNA expression was assessed by qRT-PCR (Applied Biosystems) using microRNA-specific TaqMan MicroRNA Assays (mmumiR-155, U6snRNA). BM from healthy donors and PMF patients was extracted using Trizol (Invitrogen) and 10ng of total RNA from each sample was transcribed using the Taqman MicroRNA reverse Transcriptase kit on ABI 7900HT FAST platform (Applied Biosystems). miR-155 and control gene RUN6B (Applied Biosystems) expression were analyzed by qRT-PCR, using Taqman probes.
Cloning of miR-155 and promoter, κB-Ras1 3′UTR, gene reporter assay and ChIP analysis
The mouse miR-155 promoter region (-1842 to -18) containing the RBPJ binding sites was amplified by PCR from C57BL/6 mouse spleen genomic DNA (primers in table S1). Cloning was performed into the site between XhoI and HindIII of the pGL4.10 luciferase reporter vector (Promega) and confirmed by sequencing. A Dual-Luciferase Assay (Promega) was performed to quantify miR-155 promoter activity. Raw cells were cotransfected with pGL4.10/miR-155Luc and the CMV/Renilla luc control plasmid. The mouse κB-Ras1 3′UTR region (+779 to +4592) containing two miR155 binding sites was amplified by PCR from C57BL/6 mouse genomic DNA (primers in table S1). Cloning was performed into the site between SacI and PmeI of the pmiR-RL vector. Raw cells were cotransfected with the pmiR-RL vector and the CMV/Renilla luc control plasmid to determine targeting of the κB-Ras1 3′UTR by miR155. miR-155 levels and function were also measured in cells by co-transfecting a firefly luciferase reporter containing a binding site for miR-155 at 3′UTR downstream of the luciferase gene (Signosis) and the control Renilla plasmid. Luminescence was measured 24-48hrs after transfection, using a TD-20/20 luminometer (Turner Biosystems).
Chromatin preparations from RBPJ -/-and RBPJ +/+ BM cells, or Raw transfected with shRBPJ or scrambled shRNA, were cross-linked with endogenous DNA and immunoprecipitated with anti-RBPJ (Santa Cruz, 28713) (Barbarulo et al., 2011) , antiNotch1 (Santa Cruz, 6014-R), anti-HDAC2(Cell Signaling, 2545S). As negative controls IgG or irrelevant antibodies (anti-Jagged1; Santa Cruz, 8303) were used; anti-PolII was used as positive control. Recovered DNA was analyzed for miR-155 and GAPDH (control) promoter fragments by qRT-PCR using specific primers (TableS1).
Imaging acquisition and image analysis
Two-photon images of calvarium BM were collected using Olympus XLUMPLFL 20xW, NA 0.95 objective. Z-stacks were collected through the depth of tissue (60 μm Z-stacks) from 6 regions of calvarium BM, at step size settings of 1 μm and 512x512 pixels frame size. Projection images were created using MetaMorph imaging software (Molecular 135 Devices). Volume rendering software Voxx was used to create 3D reconstructions of BM.
Statistical Analysis
Equality of distributions for matched pairs of observations was tested using the t test. Survival was calculated using Kaplan-Meier calculations. P<0.05 was considered to be statistically significant. (A) Intravital imaging of mouse calvarium. RBPJ -/-mice were induced with pIpC 4wks prior transplantation of BM cells from Lys-EGFP donor mice; imaging was performed at 24hrs and wks 2, 4 and 6 post-transplant. Series of 60 μm Z-stacks were collected from 6 regions of calvarium BM in each mouse. Images of 1 representative region of 6 at wks 2 and 6 in RBPJ -/-and RBPJ +/+ recipients (myeloid cells: green; vasculature; red). Cells were detected automatically and numbers were computed in each region. Scale bar, 50μm. Wang et al. Page 21 Cell Stem Cell. Author manuscript; available in PMC 2015 July 03. 
